Abstract: Maintenance of genomic stability is of crucial importance for all living organisms. It is no surprise that during evolution, a series of highly selective and efficient systems to detect DNA damage and control its repair have evolved. To this end, signal transduction pathways are involved in pausing the cell division cycle to provide time for repair, and ultimately releasing the cell cycle from arrest. Genetic components of the damage and replication checkpoints have been identified and a working model is beginning to emerge. This area of biological inquiry has received a great deal of attention in the past decade with the realization that the underlying regulatory mechanisms controlling the cell cycle are conserved throughout eukaryotic evolution. Many of the key players in this response have structural and functional counterparts in species as diverse as yeast and human. In recent years attention has also been paid to the plant kingdom suggesting that checkpoint controls have been highly conserved during evolution. The unicellular green alga Chlamydomonas reinhardtii is a suitable model organism for the study of basic cellular processes including cell cycle regulation and DNA repair. To investigate how algal cells accomplish these tasks, we have isolated mutants in the recognition and repair of DNA damage or in the response to DNA damage.
Introduction
Chlamydomonas, a genus of unicellular photosynthetic flagellates, is an important model system for studies of various biological phenomena, including photosynthesis (Grossman et al. 2004) , flagellar assembly and function (Scholey & Anderson 2006; Rosenbaum et al. 1999) , gametogenesis and mating (Pan et al. 2003) , organelle inheritance (Sager & Lane 1972; Umen & Goodenough 2001) , phototaxis (Whitman 1993; Nagel et al. 2005) , circadian rhythms (Zhao et al. 2004) , cell cycle (Harper 1999) , DNA repair mechanisms (Cenkci et al. 2003; Petersen et al. 1999) , metalloprotein biosynthesis (Merchant 1998; La Fontaine et al. 2002) , and others (Harris 1989) . C. reinhardtii, the most commonly studied species of Chlamydomonas, is haploid, it mates and produces meiotic spores amenable to tetrad analysis, and it is readily and inexpensively cultured in the laboratory. Exposure to sunlight in an appropriate medium produces uniform cultures containing large numbers of motile cells. Thanks to these features Chlamydomonas reinhardtii has been called the green yeast (Goodenough 1992) .
Wild-type cells of C. reinhardtii are oval-shaped, typically 10 µm in length and 3 µm in width, with flagella at their anterior end. The cells contain a single cup-shaped chloroplast that occupies over half of the cell volume and several smaller mitochondria (Rochaix 1995) . The alga can be grown photoautotrophically (light with CO 2 as sole carbon source), mixotrophically (light with acetate), or heterotrophically (dark with acetate). Algal cell division cycles can also be synchronized by subjecting cells to alternate light and dark cycles (Harris 1989) .
Like other photosynthetic eukaryotes, C. reinhardtii contains three genetic systems located in the nucleus (100,000 kb; 17 linkage groups), chloroplast (multiple 200 kb circular DNA), and mitochondria (multiple 15.8 kb linear DNA). Mutations in each of these systems can be readily distinguished in crosses, because nuclear genes segregate according to Mendelian rules, whereas chloroplast and mitochondrial genomes are usually transmitted uniparentally to the progeny from mating-type (+) and mating-type (-) parent, respectively (Harris 1989; Armbrust 1998 (Tam & Lefebvre 1993; Rochaix 1995; Grossman 2000; Shrager et al. 2003; Rohr et al. 2004) . Selectable markers are available for the identification of nuclear and chloroplast transformants (Stevens et al. 1996; Sizova et al. 2001; Berthold et al. 2002) . Reporter genes, such as green fluorescent protein (Fuhrmann et al., 1999) and arylsulfatase (Davies et al. 1992 ) have been used effectively in this alga. Moreover, as part of the Chlamydomonas genome project, molecular mapping, as well as whole genome and extended expressed sequence tag (EST) sequencing programs are currently underway (Jain et al. 2007 ). The detailed molecular map of the C. reinhardtii nuclear genome based on the analysis of restriction fragment length polymorphism and sequence-tagged sites (STS) markers consists of 506 markers (Kathir et al. 2003) . The availability of such a physical map will facilitate the cloning of genes identified by any type of mutation in C. reinhardtii (Rymarquis et al. 2005) . These developments have allowed Chlamydomonas to become an extremely valuable model system for molecular approaches to study fundamental cell processes. Gene transformation occurs mainly by homologous recombination in the chloroplast and heterologous recombination in the nucleus. Because of the importance of homologous gene replacements in understanding gene expression and function, several studies have addressed the problem of homologous recombination in the Chlamydomonas nuclear genome (Sodeinde & Kindle 1984; Mages et al. 2007 ). The C. reinhardtii chloroplast genome can be transformed using microprojectile particle bombardment (Debuchy et al. 1989 ) and the nuclear genome has been transformed with both glass bead agitation and electroporation (Kindle 1990; Shimogawara et al. 1998) .
Reverse genetics approaches, such as insertional mutagenesis, tilling, and targeted gene disruption, have been successfully used to analyze gene function in Chlamydomonas (Henikoff et al. 2004 ). However, many of these strategies are labourious, requiring extensive screening to identify specific gene mutations, and/or are limited by the selectivity of mutational targeting. Furthermore, the direct manipulation of target genes by homologous recombination has proved difficult in many eukaryotes including Chlamydomonas (Hanin & Paszkowski 2003) . As an alternative, RNA interference (RNAi) has recently emerged as a useful tool for functional genomic analyses in Chlamydomonas (Rohr et al. 2004; Soupene et al. 2002) . This approach exploits evolutionary conserved cellular mechanisms involved in defense responses against viruses and transposons as well as in endogenous gene regulation (Hannon 2002; Carrington & Ambros 2003; Cerutti 2003) .
In recent years Chlamydomonas reinhardtii has also become a suitable model for the study of the response of algal cells to DNA damage and cell cycle regulation.
Cell response to DNA damage DNA of all living organisms is prone to numerous forms of damage that can injure cells and impair fitness. Proliferating cells are especially vulnerable to DNA damage. Cellular response to genotoxic stress (represented by DNA damage) is a very complex process, which represents a signal transduction cascade in which DNA lesions act as the initial signal that is detected by sensors and passed down through transducers. Effectors receive the signal and execute various cellular functions. The activation of this signal transduction pathway leads to a delay in cell cycle progression to prevent replication and segregation of damaged DNA molecules. Arresting the cell cycle by checkpoint provides additional time for DNA repair before proceeding into mitosis, when the genome is segregated. Some cell types may primarily undergo apoptosis, avoiding the risk of generating genetically altered progeny.
Cells proficient in DNA repair, but deficient in their ability to arrest cell cycle in response to DNA damage, typically exhibit high levels of genomic instability, demonstrating the importance of DNA-damagedependent cell cycle arrest in maintaining the genome. The primary event in the DNA damage and replication checkpoint pathways is the recognition of particular DNA alterations and subsequent generation of a checkpoint signal. Recently, it has been proposed that some multi-protein complexes that are involved in DNA maintenance or repair, such as the Rad family member Rad1, Rad9, Rad17, Rad26 and Hus1, might function as DNA damage sensors (Roos-Mattjus et al. 2002) . Members of the phosphatidylinositol 3-kinase (PI-3) superfamily, which are activated at the very early stages of DNA damage response, could also serve as sensors, including ATM (ataxia telangiectasia mutated) and ATR (ataxia telangiectasia and Rad3-related) (Kurz & LeesMiller 2004) . Although ATM and ATR proteins share the PI-3-like kinase domain, they could not function as lipid kinase, but rather as serine-threonine protein kinases (Abraham 2001) . It is not known how exactly these two kinases sense the DNA damage, however, it is clear that both kinases can be activated by DNA damage. It has been found that ATM responds primarily to double-strand breaks, while ATR reacts to stalled replication forks (Yang et al. 2004) .
The ATM and ATR kinases transmit signal to the checkpoint kinases CHK1 and CHK2, which, in turn, arrest the cell cycle by directly modulating the activity of the effectors that control cell cycle progression (Sancar et al. 2004) , the cyclin-dependent kinase (CDK) complexes. CDK complexes consist of a catalytic kinase subunit and a regulatory cyclin. The sequential activation of different CDK/cyclin complexes drives the cell cycle through the phosphorylation of many differ- ent target substrates. CDK/cyclin activity is highly regulated at multiple levels. Control mechanisms include the regulated synthesis and destruction of the cyclin subunits (Murray 2004) , which are thought to target the CDKs to the substrates (Ohi & Gould 1999) , and the association of CDKs with inhibitory proteins and docking factors (Lees 1995) . Moreover, CDK activity is positively regulated by phosphorylation of a conserved residue (Tyr-161 or equivalent) within the T loop and negatively regulated through phosphorylation of Tyr-15 and Tyr-14 by WEE1 family kinases (Berry & Gould 1996) that leads to the inhibition of ATP binding and blocks substrate recognition (De Schutter et al. 2007 ).
Many of the key players in this response have structural and functional counterparts in species as diverse as yeast and human. Recently, attention has also been paid to the plant kingdom including algae. These findings suggest that checkpoint controls have been highly conserved during evolution. The basic machinery that controls cell cycle progression in plants is similar to that of yeast and mammals (Inze & De Veylder 2006) . Arabidopsis mutants defective in genes encoding orthologous ATM and ATR kinases have been isolated and characterized (Garcia et al. 2003; Culligan et al. 2004) . Arabidopsis WEE1 gene is transcriptionally activated in response to treatments that induce either DNA damage or DNA replication stress, and this induction depends on the activity of the ATR and ATM kinases, marking WEE1 as a downstream target gene of the ATR-ATM signaling cascades (De Schutter et al. 2007 ).
Chlamydomonas reinhardtii cell cycle
Because of the specificity of the C. reinhardtii cell cycle, there is less information about its checkpoint regulation in comparison with other eukaryotic organisms. The main difference between yeasts, animal or higher plant cells and cells of C. reinhardtii is that the latter divide by multiple cleavage into 2 n daughter cells (Fig. 1) . Thus, n reproductive sequences (each consisting of DNA replication, nuclear division, and protoplast fission) occur within a single cell cycle (Lien & Knutsen 1979) . Processes leading to one reproductive sequence are triggered at a stage known as the commitment point (CP). In case of multiple divisions, cells attain n consecutive CPs resulting in n overlapping reproductive sequences. These defined points in the cell cycle, whose attainment reports on competence for division, are generally considered to be cell-cycle control points for entering the division phase (Spudich & Sager 1980; Donnan & John 1983; Zachleder & van den Ende 1992; Vítová & Zachleder 2005) . The first commitment point reached is equivalent to the start point in budding yeast and the restriction point in mammalian cells (John 1984) .
In spite of its complexity, the regulation of the cell cycle of algae seems to be based, as in other eukaryotic organisms, on CDK (p34 cdc2 ), the master regulatory protein of the cell cycle. It has been shown that phosphorylation of CDK-like protein(s) as well as its activity oscillates during the cell cycle, peaking at the attainment of commitment points and at the time when nuclear and cellular divisions are performed (John et al. 1989; Zachleder et al. 1997; Bišová et al. 2000) . Recently it was found that C. reinhardtii encodes orthologues of the major plant CDK and cyclin families (Bišová et al. 2005) .
Checkpoint mutants in Chlamydomonas
Progress in the study of checkpoint control in Chlamydomonas depends on the isolation of checkpoint mutants followed by genetic and molecular analysis of mutation, isolation of responsible genes and their products.
Many checkpoint mutants were previously considered to be DNA-repair deficient because of their sensitivity to DNA damaging agents, e.g. Saccharomyces. cerevisiae rad9. Cells of this mutant strain after the UV-irradiation continue through the cell cycle, resulting in the formation of lethal microcolonies of daughter cells (Weinert & Hartwell 1988) . On the basis of detailed analyses it was found that Rad9 is required for regulation of the cell cycle in response to DNA damage rather than for DNA repair itself (Schiestl et al. 1989) . Now, it is well established that DNA-damage sensitivity may have different causes, such as defective checkpoint mechanisms, failure to induce transcription of DNAdamage inducible genes or insufficient DNA repair.
C. reinhardtii uvs11 mutant, isolated according to UV sensivity, showed a similar phenotype to rad9. After UV irradiation, a large proportion of uvs11 cells divide at least once before dying, unable to form visible colonies. This indicates that UV-induced damage in this strain is tolerated for one or more replication cycles before the cell dies. To study the nature of uvs11 mutation, we used tubulin inhibitor MBC that reversibly binds to tubulin and, thus, disrupts spindle function and arrests cell division (Seiler 1975) . Such an artificial block of cell cycle progression provides time for cells to repair DNA damage induced by mutagen treatment. C. reinhardtii wild type cells stop the cell cycle progression in reaction to UV irradiation, but uvs11 cells do not. However, if the cell cycle progression of mutant cells is artificially delayed by MBC, the survival of mutant cells significantly increases and the number of nonviable microcolonies decreases.
As previously mentioned, phosphorylation of CDKlike protein(s) as well as its activity oscillates during the cell cycle. Regarding DNA-damage dependent arrest, it has been reported that the kinase activity in C. reinhardtii wild type is suppressed for about five hours in response to UV irradiation followed by the recovery of the activity accompanied by a prolongation of the cell cycle (Slaninová et al. 2003) . The kinase activity could be a target process whose inhibition after UV irradiation leads to a delay in mitosis initiation. In contrast to the wild type, the UV-irradiated uvs11 cells did not show any substantial change, either in the course of kinase activities or in the cell-cycle progress, leading to the conclusion that uvs11 is a DNA-damage dependent checkpoint mutant (Slaninová et al. 2003) .
Our results have indicated that green alga C. reinhardtii possesses a control mechanism to arrest the cellcycle progression in response to DNA damage (Slaninová et al. 2002 (Slaninová et al. , 2003 . This "checkpoint" is likely to be activated just at the end of the growth phase, before the cell reproduction. However, the actual mechanism(s) mediating the response of Chlamydomonas cells to UV-induced DNA damage remains still unclear. Two other Chlamydomonas UV-sensitive mutants showing uvs11-like phenotype, uvsX1 and uvsX2, have been isolated in our Department. These mutants are being subjected to genetic and molecular analysis in order to study the molecular nature of their mutations.
A major limitation to genetic dissections of DNA damage signaling pathways is the pleiotropic nature of checkpoint defects and the functional ambiguity of factors acting at the interfaces between DNA damage sensing, signaling, and repair. A combination of genetic and biochemical approaches will be needed to unravel the general architecture of the network of interacting checkpoint pathways on one side, and to explore the rules of communication between DNA damage signaling and repair factors on the other side. Thus, there is plenty of fascinating work ahead. With the rapid development of new molecular and cell biological techniques it is hoped that the genes "behind" the cell cycle mutants will be cloned and others isolated.
